• Evaporation from porous media saturated with different salt solutions was investigated • Effects of ambient temperature, relative humidity and type of salt were discussed • Salt precipitation does not necessarily limit the evaporative flux • Strong direct correlation between evaporation and surface salt precipitation was found 
Introduction
Saline water evaporation from porous media is an important topic in many hydrological processes which influence plant growth and vegetation, water balance, soil stability, beach intertidal zone processes and land-atmosphere interaction (Odeh and Onus, 2008; Deinlein et al., 2014; González-Alcaraz ET AL., 2014; Jambhekar et al., 2015; Geng et al., 2016) . It is controlled by complex interactions between type of salt, transport properties of the porous media and external conditions (e.g. ambient temperature and relative humidity, wind, solar radiation). This has motivated many researchers to look into the effects of various parameters such as wettability [Sghaier and Prat, 2009; Bergstad and Shokri, 2016] , particle size distribution [Eloukabi et al., 2013; Noruzirad et al., 2015] , relative humidity [Gupta et al., 2014] and mixture of salt [Jambhekar et al., 2016] on the general dynamics of saline water evaporation from porous media.
An issue that has not received much attention in the literature is the effect of ambient conditions and the type of salt on the saline water evaporation from porous media. Sodium chloride (NaCl) has been used as the model salt in the majority of previous papers to understand processes occurring during salty water evaporation from porous media. However, depending on the type of salt, the thermodynamics of the evaporating solution will be modified and this impacts the drying dynamics. Therefore, the findings regarding NaCl cannot necessarily be generalised for other types of salt in porous media. Considering the variety of salts available in the environment, it is essential to understand how water evaporation is modified when other salts are present in porous media.
Furthermore, compared to the effects of transport properties of porous media, far fewer studies have been performed to understand the effects of external conditions on saline water ACCEPTED MANUSCRIPT A C C E P T E D M A N U S C R I P T 5 evaporation from porous media. A small increase in ambient temperature modifies soil water evaporation thus influencing salt transport and distribution in soil. Although the effects of atmospheric conditions on pure water evaporation from porous media are relatively wellunderstood [Smits et al., 2012; Haghighi et al., 2013; Aminzadeh and Or, 2013; Salvucci and Gentine, 2013; Ben Neriah et al., 2014; Vanderborght et al., 2017] , their effects on saline water evaporation and the associated salt precipitation patterns are surprisingly not very advanced. Such knowledge will become even more important in the near future with the advent of climate change. Fluctuations in saline water evaporation and the potential change in salt balance in the environment caused by rising temperature (as a result of climate change) is complex and requires multidisciplinary research to understand the various aspects of this process [Austin et al., 2010] .
Motivated by the importance of saline water evaporation from soil and its consequences on various hydrological processes, the specific objectives of the present study were to determine the effects of ambient temperature and relative humidity together with type of salt on water evaporation from porous media. Within this context, we have conducted several rounds of evaporation experiments using different types of salt in a climate chamber where we could control the ambient conditions accurately. These experiments have enabled us to understand how the relative humidity and ambient temperature, as well as the type of salt, influence the evaporation process from porous media.
Theoretical considerations

Pure water evaporation from porous media
As illustrated in other papers, for a given porous medium the rate of water evaporation is limited by the properties of the evaporating solution and the atmospheric conditions. As a first approximation, by neglecting the advective effects [Schlünder, 1988] , the rate of volume
change of the liquid V (m 3 ) across the surface of porous media under isothermal conditions can be expressed using Fick's law [Gupta et al., 2014]: where D is the diffusion coefficient of the liquid in air (m 2 s), A (m 2 ) is the surface area available for evaporation, is the density of the liquid (kg m -3 ), M is the molecular mass of water (kg mol -1 ), R is the gas constant (kg m 2 s −2 K −1 mol −1 ), T is the temperature (K), and correspond to the saturated vapour pressure above the evaporation surface and the vapour pressure in the surrounding environment respectively and is the thickness of the viscous boundary layer formed above the surface through which the diffusion of water vapour into ambient air takes places [Shokri et al., 2008] . Note that and are related via where RH corresponds to the relative humidity of the ambient air (%).
According to Eq. (1), water evaporation depends on the vapour pressure gradient which is influenced by the temperature. The dependency of the saturated vapour pressure of water as a function of temperature T can be expressed using the following empirical expression [Buck, 1981] :
In Eq. (2), the units of T and are °C and kPa, respectively. In addition to the saturated vapor pressure, the diffusion coefficient also depends on temperature, with the following equation describing this dependency [Ben Neriah et al., 2014] :
In Eq. (3), the units of T and D are °C and m 2 /s, respectively. Note that Eq. (1) can be used to estimate the evaporation rate in the early stages of the process, during so-called stage-1 evaporation [Shokri et al., 2009] . During this period, capillary induced liquid flow from large pores, at the receding interface between the saturated and unsatuarted zones to the f pores at the surface, keeps the surface wet and the evaporative demand is mainly supplied by liquid vaporization occurring at the surface of the porous media. However, when the liquid continuity with the surface is disconnected, the liquid vaporization occurs inside the medium and the drying process will be limited by vapour diffusion through the dry layer formed close to the surface of the porous media [Shokri et al., 2009] .
Under a constant ambient temperature, remains constant. In such cases, the humidity will be the main factor determining the magnitude of the evaporation [Gupta et al., 2014] . Here 
Saline water evaporation from porous media
The same approach explained in section 2.1 can be used to estimate saline water evaporation from porous media. However, there are some additional factors that must be taken into account as the properties of the saline solution (e.g. saturated vapour pressure, diffusion coefficient and density) change not only because of the variation of temperature but also because of changes in the concentration of solute.
In the present study, we have worked with three different salts namely NaCl, CaCl 2 and KI.
We obtained the following empirical equation to estimate saturated vapour pressure as a function of salt concentration using the values derived from Patil et al. (1991) and Clarke and Glew (1985) :
with C indicating the salt concentration in molality and in kPa. The fitting parameters for NaCl, CaCl 2 and KI at 35°C are listed in Table 1 and are used later in our analysis. More details about how the fitting parameters in Table 1 were obtained using Eq.
(6) are presented in the appendix. 
Additionally, the density and diffusion coefficient of salt are modified as the concentration of salt and ambient temperature changes. Published data on the dependency of diffusion coefficient of water molecules into air in the presence of ions in solution and its variation with respect to the type of salt and temperature are scarce, even for NaCl (note that here we are not referring to the self-diffusion coefficient of ions in liquid). Thus for salt solutions, the scaled time proposed in Eq. (4) will be useful only if the relationship between the salt concentration and the diffusion coefficient at a given temperature and solution density is known. If it is not, in the case of salt solution, one can scale time using Eq. (7) expressed as:
̃ Substituting Eq. (7) into Eq. (8) When salt is present in the evaporating liquid, its concentration increases over time as a result of evaporation. When the salt concentration substantially exceeds the solubility limit (i.e., supersaturation exceeds a critical value), crystals will precipitate by first nucleating and then growing. One of the key objectives of this paper was to investigate how the presence of
precipitated salt influences the validity and applicability of the above analysis (Eqs. 5 and 8).
The remainder of this paper evaluates the relative importance of ambient temperature and humidity on the evaporation from porous media in the absence and presence of three different salt.
Experimental considerations
Six sets of experiments were conducted in an environmental chamber in which the relative humidity and ambient temperature were controlled accurately and kept constant at the desired values in each set (Table 2 ). NaCl, CaCl 2 and KI with a wide range of concentration (Table 2) were used in our experiments to prepare salty solutions. Glass Hele-Shaw cells (80 mm in width, 260 mm in height and 10 mm in thickness) and cylindrical glass columns (85 mm in diameter and 230 mm in height) were used in our experiments to pack sand particles saturated with either water or salty solutions. All boundaries of sand columns were closed except the top which was open to air for evaporation. The sand columns were mounted on digital balances (accuracy 0.01 g) connected to a computer to record the mass of the evaporating sand packs every 5 minutes. A digital camera was fixed at the surface of the cylindrical column to record the dynamics of precipitation at the surface each hour. The camera was connected to a computer for automatic image acquisition. A total of 33 columns were packed with saturated sand packs to investigate the saline water evaporation under a variety of conditions in terms of relative humidity, ambient temperature and salt compound.
More details about the boundary conditions in each experiment are presented in Table 2 . Table 2 . Experimental conditions in each set of experiment. Note that in set # 1, 2, and 3 the average sand particle size was 0.61 mm and in set # 4, 5, and 6 it was 0.7 mm. evaporation will eventually end when the liquid connection with the surface is disrupted due to the competition between capillary, gravity and viscous forces . This marks the onset of the stage-2 evaporation when the evaporative flux is limited by vapour diffusion through the porous media [Shokri and Or, 2011] data (note that the slight differences among the curves illustrated in Figure 2 (b) could be related to the changes in the saturated vapour pressure above the surface over time due to the increasing salt concentration at the surface). Figure 3 shows the comparison between the measured evaporation rates during the first 2 days of the experiments (i.e. the slopes of the mass loss curves presented in Figures 1 and 2 averaged over the first two days) under different external conditions for pure and saline water. similar to what is observed in the case of pure water (Figure 1 ). To have a closer look at the evaporation process from saline porous media, another set of experiments (set#3; Table 2) were conducted in which cylindrical columns were used and the dynamics of evaporative mass losses together with the salt precipitation at the surface were investigated.
# of Evaporating
Precipitation dynamics and the evaporative mass losses
A cylindrical column was packed with sand grains saturated with 3M NaCl solution. The evaporation experiments were conducted at four different external conditions (indicated as set#3 in Table 2 ). The recorded images of the surface of the porous media were used to quantify the part of the surface covered by salt over time. Salt is represented by the white colour in the images. Therefore one could assume the higher the pixel gray value (GV) of the images, the more area is covered by salt. We used the surface gray value of the last image as the reference value to scale the other images as:
"Scaled GV" will be always equal to, or less than one (because the last image has the highest GV since the entire surface is covered by salt). Based on the definition of "Scaled GV", a bigger portion of the surface is covered by salt when "Scaled GV" is closer to 1. Applying the same scaling to all images enabled us to quantify the dynamics of surface coverage by salt
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18 over the course of the experiment. Figure 4 illustrates the evaporative mass losses together with the precipitation dynamics at the surface.
The results show a strong relationship between dynamics of the evaporative mass losses and the surface coverage by salt. A similar correlation was observed by Norouzi Rad and Shokri [2012] . Existence of such a strong correlation may have applications beyond the focus of this paper because it may offer an opportunity to estimate the evaporative mass losses by looking into the salt precipitation dynamics at the surface. The counter-intuitive result presented in Figure 4 is to have a significant portion of the surface covered by salt; yet the cumulative evaporative mass losses are not influenced by the presence of this precipitated salt at the surface. This result suggests that the presence of salt crystals at the surface does not necessarily stop the evaporation process (at least during the early stage of the process). The same conclusion was reached in some recent studies on building materials and glass beads packing (e.g. Eloukabi et al., 2013; Gupta et al., 2014) . The reason for this is the porous nature To further investigate this, the measured mass losses during evaporation from the columns saturated with 3 M NaCl solution at an ambient temperature of 25°C and relative humidity of 30 and 50% are presented in Figure 5 . Eq. 7. The insets illustrate the precipitation patterns at the surface after 4 days from the onset of the experiment. White corresponds to precipitated salt.
A C C E P T E D
The cumulative mass loss from the column placed under 50% relative humidity is less than that under 30%; this is expected as the driving force for the evaporation is less (Eq. 1).
Therefore much more salt was precipitated at the surface of the column placed under 30%
relative humidity. The inset of Figure 5 shows the surface of these two sand columns after 4
days from the onset of the experiment confirming the above statement. Although these two columns have completely different precipitation patterns at the surface, the cumulative mass losses are very close if plotted against the scaled time ̃ introduced in Eq. 7. This confirms that the different cumulative mass losses observed in Figure 7 (a) are due to the different external conditions and not to the presence or absence of precipitated salt at the surface and that the precipitated salt does not necessarily limit the liquid transfer toward the surface because of its porous nature (at least in the early stages of the process).
Effects of type of salt on the evaporation behaviour
The data obtained from the experiments with NaCl, KI, and CaCl 2 are presented in this section. See Table 2 for detail of the boundary conditions in each round of experiments. Note that in the previous sections variation of the external conditions caused the changes in the evaporative mass losses but in this case it is the change in properties of the solution modifying the evaporation process but all of these effects are already incorporated in the scaled times introduced in Eqs. 4 and 7. In the case of NaCl and KI, although the curves coincide very well using the scaled times during the early stages of the process (the insets in Figure 6 (b) and 6(d)), they cannot be represented by a single curve during the later stages of evaporation. This is likely due to drying of the precipitated salt at the surface which results in the change of the vaporization plane from the surface of the precipitated salt to deeper depths (located either at the interface between the porous media and the precipitated salt or depths below the surface of the porous media). Therefore, the process is no longer controlled by vapour diffusion from the wet salt surface to the air but by a combination of capillary flow from the interface between the wet and partially wet zones in the porous medium up to this new vaporization plane, liquid vaporization at that level and then vapour diffusion through the porous medium and the dried precipitated salt to the air.
CaCl 2 shows a different drying behaviour to those observed in the case of NaCl and KI. 
Summary and conclusions
A comprehensive series of evaporation experiments (using 33 sand columns) were conducted under well-controlled ambient temperatures and relative humidities to understand the effects of external condition as well as type of salt on saline water evaporation from porous media.
Our results confirm that during stage-1 evaporation of pure water, the process is mainly controlled by the ambient conditions. The recorded mass losses in the case of pure water under 6 different external conditions could be represented by a single curve using scaled time .
In addition, our results illustrate the minor impact of the presence of precipitated NaCl at the surface on saline water evaporation during the early stages of the process. This is because of the porous nature of the precipitated salt at the surface keeping the salt wet (via capillary flow) that contributes to the evaporation process. The recorded mass losses from the columns packed with saline solution with different NaCl concentrations that experienced different ambient temperature and relative humidity could be represented by a single curve using the scaled time ̃ . The scaling behaviour is valid as long as the surface or the precipitated salt remains wet. This analysis confirms that it is a necessity to understand how the porous structure of precipitated salt evolves during evaporation from porous media and how it influences the subsequent flow and transport processes. Modelling tools introduced in some recent studies [Malmir et al., 2016a; 2016b] will be useful to describe such a phenomenon.
Additionally, using NaCl, KI and CaCl 2 enabled us to investigate the impact of the properties 
